TiO 2 anatase nanoparticles were synthesized from a titanate for application in dye-sensitized solar cells. Structural analysis with x-ray absorption fine structure spectroscopy showed that this titanate-derived TiO 2 had a low density of oxygen-vacancy defects that would serve as the trap sites to impede electron transport. The transit time of the photogenerated electrons, measured by intensity modulated photocurrent spectroscopy, was significantly shorter in the titanate-derived TiO 2 than in the conventional sol-gel-derived TiO 2 . This structure-intact feature of the titanate-derived TiO 2 has led to a high photocurrent for dye-sensitized solar cells. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2800879͔ Dye-sensitized solar cells ͑DSSCs͒ are currently under intensive investigation for application as low cost photovoltaic devices.
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1-7 During illumination of the cells, electrons are injected from the photoexcited dye sensitizer into the conduction band of a semiconductor oxide, from which the electrons pass through the nanocrystalline oxide film and then flow into the external circuit. Ruthenium-complexes sensitizers exhibit efficient charge injection after photoexcitation. Thus, to achieve a high energy-conversion efficiency requires that the photogenerated electrons flow in the oxide film with minimal stay at the trap sites and minimal losses to interfacial recombination. [8] [9] [10] TiO 2 anatase has been considered so far the optimum choice of the semiconductor oxide for DSSCs. The lattice defect or vacancy states in TiO 2 would serve as the trap sites in pathway of electron transport. In the present work, we synthesized TiO 2 anatase nanoparticles from hydrothermal treatment on a titanate, H 2 Ti 2 O 4 ͑OH͒ 2 , which consists of lamellar sheets of edge-shared TiO 6 octahedra arranged in the zigzag configuration. 11, 12 The zigzag TiO 6 arrangement is the principal feature for the ͑101͒ face of TiO 2 anatase. The structural similarity is reflected in the inset of Fig. 1 . TiO 2 anatase derived from this titanate is expected to be phase pure and structure intact, thus having a low electron trap density.
To prepare the titanate precusor, 3 g of a TiO 2 powder ͑P25, Degussa͒ was treated with 100 ml of 10N NaOH in an autoclave at 130°C for 20 h, followed by washing with 0.1N HNO 3 to reach a pH value of 1.5. The titanate formed was nanotubes. 11 The TiO 2 suspension for DSSCs was obtained by autoclaving the titanate suspension at 240°C for 12 h. This titanate-derived TiO 2 is designated as H240. In contrast to H240, the "Grätzel-type" sol-gel TiO 2 suspension was synthesized. 13 In brief, titanium isopropoxide was hydrolyzed in nitric acid and then peptized at 80°C for 2 h. The suspension was subsequently subjected to autoclaving at 240°C for 12 h to give the sol-gel TiO 2 colloid, which is designated as S240. The TiO 2 specimens were calcined at 450°C in air for 30 min prior to structural analysis. Figure 1 shows the x-ray diffraction ͑XRD͒ patterns of the titanate-derived H240, which is phase-pure anatase. In agreement with previous studies, 8, 13 S240 is predominantly composed of anatase while it also contains a minute amount of brookite. The average crystal size was calculated, according to Scherrer's equation, to be approximately 13 nm for both H240 and S240. High-resolution transmission electron microscopy ͑TEM͒ images of the H240 and S240 nanoparticles are depicted in Fig. 2 , showing that the nanoparticles have sizes in the range of 10-20 nm. The visible lattice fringes and the corresponding fast Fourier transform patterns from the selected area ͑insets͒ demonstrate that the nanoparticles are single-crystalline anatase. 5 The H240 and S240 nanoparticles have almost identical crystalline framework, although there is a slight trace of the brookite phase contained in S240.
The solution of each TiO 2 colloid was mixed with polyethylene glycol ͑PEG͒ ͑Fluka͒ to form a viscous TiO 2 dispersion at a PEG/ TiO 2 ratio of 0.4. The dispersion was then spread onto a conducting glass substrate ͑F-doped SnO 2 overlayer glass͒ to form a TiO 2 film of 0.5ϫ 0.5 cm 2 . The film was calcined at 450°C in air for 30 min to form a mesoporous electrode.
The structural feature and chemical environment of the Ti species on the TiO 2 films were characterized by x-ray a͒ Author to whom correspondence should be addressed; FAX: 886-6-2344496; electronic mail: hteng@mail.ncku.edu.tw absorption fine structure spectroscopy, including x-ray absorption near-edge structure ͑XANES͒ and extended x-ray absorption fine structure ͑EXAFS͒. The spectra were measured on the Wiggler beam line of the Taiwan Synchrotron Radiation Research Center.
14 The EXAFS data were analyzed using the UWX-AFS 3.0 and FEFF 7.0 programs. 15 The K-edge XANES patterns for the TiO 2 films are shown in Fig. 3͑a͒ . The preedge A 1 , A 2 , and A 3 features correspond to the Ti 1s → 3d transition. 16 The average first shell oxygen coordination number of Ti would slightly influence the preedge position of A 3 . The Gaussian fitting of the XANES patterns ͑inset͒ shows A 3 positions of 4971.5 and 4970.9 eV for H240 and S240, respectively. This reflects that the oxygen coordination around Ti for H240 is larger than for S240. 17 The Fourier transforms of k 3 ͑k͒ EXAFS for the Ti ion in H240 and S240 are shown in Fig. 3͑b͒ , with the radial distance ranging within 3.5 Å. A noticeable difference between the H240 and S240 spectra is that S240 exhibits weaker innershell features ͑for the radial distance smaller than 1.6 Å͒ than H240, indicating the lower degree of oxygen coordination in S240.
The bond distance ͑R͒ and coordination number of different shells obtained by FEFF simulation are summarized in the inset of Fig. 3͑b͒ . The first and second shells could be identified with Ti-O and Ti-Ti coordinations at approximately 1.96 and 3.02 Å, respectively. H240 and S240 have similar coordination numbers for the Ti-Ti shell because they have similar particle sizes. However, the Ti ion in S240
shows fewer oxygen neighbors than that in H240. This agrees with the XANES results discussed above. The difference in the oxygen coordination number should result from a higher degree of oxygen vacancy in the bulk phase or lattice mismatch at the grain boundary for S240. 18 These defect states ͑i.e., oxygen vacancies͒ would serve as the trap sites in pathway of electron transport in the TiO 2 films of DSSCs. The electron transit rate would decrease with the number of the trap sites.
The photocurrent-voltage characteristics of DSSCs equipped with the TiO 2 films of different thicknesses are shown in Fig. 4 . The N3 ruthenium complex dye ͑ruthenium 535, Solaronix͒ was used as the sensitizer for the cells. The dye-sensitized TiO 2 electrode and a Pt-coated conducting glass were assembled to form a cell by sandwiching a redox ͑I − / I 3 − ͒ electrolyte solution. An Oriel 300 W Xe lamp in conjunction with an AM 1.5 Globle filter ͑Oriel 81094͒ and an IR filter was used as a light source, with an intensity illuminated on the cell fixed at 100 mW cm the short-circuit photocurrent density ͑J sc ͒ increases with the film thickness for both the H240 and S240 films due to the improved harvesting of red light. The larger J sc of the H240 film than of the S240 should relate to the electron transport dynamics in the TiO 2 films. The transit time of the photogenerated electrons in the TiO 2 films was analyzed with intensity modulated photocurrent spectroscopy ͑IMPS͒ by using modulated illumination from a blue light emitting diode ͑ max = 455 nm͒. Figure 5͑a͒ illustrates typical complex plane plots for the IMPS response at the highest intensity used. The mean electron transit time ͑ d ͒ can be calculated from the relation d = ͑2f min ͒ −1 , where f min is the frequency of the lowest imaginary component in the IMPS plot. 9, 19, 20 Figure 5͑b͒ shows that for both the H240 and S240 films the value of d decreases with light intensity, as a result of trap limited electron transport. 21, 22 The electron transit time for the H240 film is significantly shorter than that of the S240 film. The structure-intact feature of the H240 nanoparticles must have minimized electron trapping and improved electron transport, thus leading to the high photocurrent for the H240 DSSCs.
In conclusion, a phase-pure and structure-intact TiO 2 ananatse colloid can be derived from a titanate because of the similarity in their TiO 6 arrangement. The resulting TiO 2 film has shown its applicability in DSSCs for efficient transport of photogenerated electrons. The high photocurrent and short electron transit time exhibited by the DSSCs can be adequately explained by the low defect ͑i.e., electron trap͒ density of the titanate-derived TiO 2 . 
